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ABSTRACT
Relatively little information exists on the effects of hydroelectric schemes on 0þ fish composition in large European rivers
because few or no pre-impact data exist. We compared 0þ fish species richness and composition, relative density, fish size
as well as available and used habitat using data from 12 floodplain sites sampled just prior to (1992) and four years after
(1996) the start of operations of the Gabcˇı´kovo hydropower station on the River Danube (Slovakia). We also used modelling
techniques to assess the change in species richness and habitat use and to predict 1996 occurrences from the 1992 data set. The
floodplain was greatly modified by the hydroscheme. Only 12 of 27 sites sampled in August 1992 were extant in August 1996.
Therefore, all four channel types identified (flowing, abandoned, weir, wing-dam) were more lentic in 1996 than in 1992, with
increased width, smaller-sized sediment (silt, clay) and greater amounts of macrophytes. After the operations of the hydro-
scheme, the overall relative density of fishes (individuals per surface area) of all ages decreased, with the exception of 0þ fishes,
despite a slight reduction in 0þ fish density in all channel types except weirs. Species number increased from 25 to 28, although
in all channel types there was a change in the composition of the 0þ fish assemblages, with rheophiles generally replaced by
limnophiles and migrants from the lower Danube. The two most important microhabitat variables were the proportion of macro-
phytes and gravel, the latter being the factor distinguishing 0þ fish microhabitat use in 1992 (preferences) and 1996 (indiffer-
ence or avoidance). Species richness and 0þ fish density in 1996 could be predicted from the 1992 data using simple log-linear
models (density, richness, sample number). Species-specific occurrence in 1996 could not be predicted using environmental/fish
data from 1992 with multiple regression or generalized additive models (GAM). However, the overall GAM from 1992 could
predict overall fish occurrence in 1996. Copyright # 2003 John Wiley & Sons, Ltd.
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INTRODUCTION
Most of the major rivers of the world have been regulated to exploit their hydroelectric potential, to attempt control
variations in discharge, and/or to facilitate the redistribution of the water to other areas of the neighbouring land-
scape (Boucher, 1990). None of these schemes avoids impacts on the river ecosystem, with the various impacts
being both universal and site-specific. One of more controversial river regulation projects in recent history is the
Gabcˇı´kovo hydroscheme on the River Danube (Balon and Holcˇı´k, 1999). Originally conceived as a joint Slovak-
Hungarian project (which included a compensation dam at Nagymaros, Hungary), the scheme was eventually
finished as a lone Slovak project after the Hungarian government decided to withdraw. This withdrawal resulted
in the Slovak government implementing a revised plan, which diverted most of the Danube’s discharge through the
Gabcˇı´kovo by-pass reservoir and hydropower station.
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The Gabcˇı´kovo hydroscheme began operation in the winter of 1992, and just prior to that we carried out an
intensive survey of 0þ fishes (Copp et al., 1994) to aid assessment of the scheme’s impact on the adjacent flood-
plain. The aim of the present study, undertaken four years later, was to assess the initial impact of the scheme on
0þ fish recruitment in terms of available and exploited habitat as well as with regard to changes in the structure of
the 0þ fish assemblages, which reflect the fish reproductive potential of aquatic ecosystems (Copp, 1989b; Gozlan
et al., 1998). Our specific objectives were to: (1) compare species richness, relative densities and size-structure of
0þ fish assemblages in 1996 with those in 1992 (Copp et al., 1994), both for the floodplain as a whole and for its
various channel types; (2) compare channel character and 0þ fish assemblage structure; (3) assess 0þ fish micro-
habitat use; and (4) evaluate the differences in the actual structure of 0þ assemblages in 1996 compared to that
predicted using the model from the pre-impact survey (Copp et al., 1994).
STUDY AREA, MATERIAL AND METHODS
The hydrology and geomorphology of the Hungarian/Slovak floodplain (Figure 1) have been described in detail
elsewhere (Holcˇı´k and Bastl, 1976; Holcˇı´k et al., 1981; Bethemont and Bravard, 1986; Boucher, 1990) and are
reviewed by Copp et al. (1994). During the two study periods, the mean river discharge (station Devı´n, Bratislava)
was low: 1280 m2 s1 in August 1992, and 1811 m2 s1 in August 1996. Twelve of the 26 study sites in Slovakia
from the pre-operations study (Copp et al., 1994) were extant in 1996 (Figure 1; sites 50, 51 and 52 in Copp et al.
(1994) joined to one gravel pit, and therefore are considered as one site in the present study); these consisted of four
types: (i) lotic, i.e. ‘flowing’ channels (fc), which had at least some flow of water; (ii) abandoned channels (ac),
which were isolated from the river except during periods of elevated discharge; (iii) just below weirs (we), which
were constructed to maintain water levels within the floodplain; and (iv) behind wing-dams (wd), which were per-
pendicular to the bank and extended out into the main channel.
As in 1992, large lotic side-channels could not be sampled in their entirety, so a ‘representative’ reach was
selected; this consisted of a concave/convex stretch, with the shallow aggrading bank opposite a deeper eroding
bank. Abandoned channels were generally sampled in their entirety, though in some cases their surface area was
Figure 1. Map of the River Danube near Gabcˇı´kovo, Slovakia, with the 12 study sites of 1992 (Copp et al., 1994) still extant and studied in 1996
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too great and so a representative area was selected as above; these locations were mostly former channels isolated
from other channels of the floodplain except during periods of elevated discharge, when they may be reconnected
to other channels by either or both of their extremities (upstream and downstream). The downstream vicinity of
weirs, with seepage through and between the boulder weirs providing localized flow, has been identified as a refuge
for the progeny of rheophilous fishes (Copp et al., 1994); we sampled along the downstream side of the weir as well
as a further distance of 50–100 m downstream thereof. In both 1992 and 1996, sampling in the main channel of the
Danube was restricted to the area downstream of wing-dams, which are a probable refuge of any 0þ fish occurring
in the main channel (Copp et al., 1994).
At each of the 12 sites (Figure 1), fish and environmental variables were sampled with the density of samples
approximately equal at each site (about one point per 10 m2). In total, 270 point samples were collected in 1992 and
504 samples in 1996. In extremely large channels, this intensity of sampling effort was not always possible due to
time and manpower constraints. Sampling was undertaken by two teams in late August using point abundance
sampling by electrofishing (Persat and Copp, 1989), with portable DEKA units modified for small fishes (anode
of 10 cm diameter; see Copp and Penˇa´z, 1988; Copp, 1989a). The same equipment was used in both years, and the
anode’s effective field at each point sample was assumed to be c. 0.071 m2 (Copp, 1989a), though this area will
vary according to water conductivity (Cuinat, 1967). Sampling points were selected randomly within each site via
a point of the finger with eyes closed. Sampling was generally undertaken from a dinghy, with the exception of
some wing-dams sites where the water was shallow enough to be sampled by wading. The sampling technique is
described in detail in Copp et al. (1994).
At each point sample, the fishes were either preserved in 4% formaldehyde immediately after capture for ana-
lysis in the laboratory (identified to species following Koblickaya (1981)), or measured for standard length (SL)
and returned to the water (i.e. fishes 1þ). Habitat characteristics were then evaluated using six quantitative and
seven semi-quantitative environmental variables: width (m); distance from bank (m); depth (cm); bank slope; per-
centages of clay (particle diameter <0.06 cm), silt (<0.06 cm), sand (0.06–0.2 cm), pebbles (0.2–2.0 cm), gravel
(>2.0 cm) and cobbles (>6.0 cm); ligneous structures and macrophytes; water velocity; and water temperature.
Bank slope was calculated from the depth divided by the distance from bank. Bottom substratum (clay, silt, sand,
pebbles, gravel) was evaluated as a percentage of the sample area (i.e. 0.071 m2), with clay and silt distinguished by
the greater between-particle adhesion in clay than silt. Ligneous structures (branches, logs, trunks, roots) within
each point were counted in a manner similar to that described by Kinsolving and Bain (1990) but on a scale of one
to ten. Submerged, floating and emergent macrophytes were estimated visually as a percentage of the area sampled
at each point. Water velocity was measured using a calibrated dip-net; no movement of the net indicated no flow,
slow ballooning of net indicated weak flow (<5 cm s1), and moderate to fast ballooning of the net indicated faster
flow (>5 cm s1).
Fish relative density was calculated as the number of specimens captured per total surface area sampled (Copp,
1989a,b; Copp et al., 1994). The ecological classification of the species followed Schiemer and Waidbacher
(1992); see Table I. Potential changes in the size-structure of populations were examined using the Student’s
unpaired t-test. From the relative densities and numbers of species for each site, we calculated the mean relative
densities and the numbers of species for each site (total species richness, S). To adjust for the effect of density on
species richness, we calculated the mean adjusted species richness (S 0 ¼ S ln of relative density) for each channel
type (lotic, abandoned, weir, wing-dam) as well as the percentiles of the residuals for each channel type derived
from species richness (S) regressed against natural-log (ln) of density at the 12 sites for the two study years.
Between-year comparisons for each channel type were made with the Student’s paired t-test.
To assess changes in the character of the 12 channels after the start of dam operations, the raw environmental
data (all variables except distance from bank, a microhabitat variable, and temperature, which varies according to
climatic conditions) for the years 1992 and 1996 (744 samples 13 variables) were submitted to principal com-
ponents analysis (PCA), with 90% ellipses (Green, 1971) generated for each channel type and year of study.
Changes in 0þ fish assemblage structure at the sites were also assessed using PCA of the sites-by-species matrix
(24 sites 22 species) for 1992 (12 sites) and 1996 (same 12 sites) converted to absence/presence, reduced to con-
tain only those species occurring in two or more sites, and submitted to PCA, with 90% ellipses (Green, 1971)
generated for each channel type and year of study. PCA is of particular interest in this case as the absence of a
species is accorded equal weight to its presence (e.g. Copp, 1989b). Changes in composite microhabitat use were
0þ FISH ASSEMBLAGES 3
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assessed using canonical correspondence analysis (CCA; ter Braak, 1986) of the samples-by-species matrix
(744 16; i.e. samples devoid of 0þ fish were included), whereby species occurring in  3% of samples in both
years were retained in the analyses (8 species) and considered separately according to their year-class (1992,
1996), hence 16 species/year-classes. The gradients generated were the basis for succinctly describing and visua-
lizing the differential habitat preferences (niches) of taxa through a biplot ordination diagram (ter Braak and
Verdonschot, 1995).
Only 11 of the 13 habitat variables were included in the CCA, as channel width was not considered to be a
variable for which an individual fish could select, and depth measurements were those of the water and not of
the location in the water column selected by the fish. For consistency with Copp et al. (1994), gravel and cobbles
are combined as gravel&cobbles (>2.0 cm). The variables were categorized in preparation for analysis (Chessel
et al., 1987) as follows: distance from bank in meters (0–0.99, 1.00–4.99, 5.00–9.99, 10.00–20.00, >20.00 m);
bank slope (0.04, 0.041–0.08, 0.081–0.13, 0.131–0.22, 0.221–0.36, 0.361–0.60, 0.601–1.0); clay, silt, sand, peb-
bles, gravel (0, 1–33, 34–66, 67–100%); ligneous debris (0, 1–3, 4–6, >6 items); macrophytes (0, 1–33, 34–66, 67–
100%); water velocity (null, weak, faster); water temperature deviations from the site mean (less than 1.0, 1.0
to 0.51, 0.50 to 0.01, 0, 0.01–0.50, 0.51–1.00, 1.0C). Microhabitat electivities for 1992 and 1996 were
calculated as the difference between the frequency of a species in the group of samples having that category of
environmental variable and the frequency of that species in all the samples.
The species richness recorded is related to the density of individuals and the number of samples (Connor and
McCoy, 1979). Therefore, theoretically, the richness of 0þ fish could be predicted for 1996 using models derived
from the 1992 data set. An inability to do so would be indicative of change in the reproductive function of the
floodplain (sensu Copp, 1989b). Simple linear models were developed for each channel type using the 1992 data
(Copp et al., 1994) to predict 0þ fish richness and relative density (individuals (ind) m2) in 1996, with the number
of species at each site regressed against the relative density of 0þ fish (ln-transformed to reduce the influence of a
few high values) found at each point. For each channel type, the models with the best fit were used to predict spe-
cies richness from the 1996 data. Similarly, the ln-transformed data of relative density for each site in 1992 were
regressed against the corresponding frequency of point samples containing 0þ fish, and this model (all channel
types) was used to predict the relative densities of 0þ fish in 1996 from the frequency of point samples collected in
1996 containing 0þ fish. Predictions based on regressions for each channel type were also calculated, with a com-
mon model generated for weirs and wing-dams. Observed and expected values were compared using the Student’s
paired t-test.
Multiple regression models were elaborated for each species using the 1992 fish and habitat data in an attempt to
predict the abundance of that species in 1996 from the 1996 environmental variables data. Similarly, generalized
additive models (GAMs; Hastie and Tibshirani, 1990) were employed for all species combined and for each spe-
cies separately to compare presence/absence of fish in 1992 and 1996, using distance from bank, depth, substratum,
macrophytes, ligneous debris, water velocity and temperature as environmental predictors of fish occurrence. Sub-
stratum was calculated as an arbitrary index, based on the relative proportions of clay, silt, sand, gravel, pebble and
cobble in each sample. A generalized additive logistic regression model was initially fitted to the entire 1992 data
set (all species combined) as well as to each of the 1992 species-specific data subsets. The initial model included all
seven predictors, with each term calculated as a smoothing (cubic) spline, with three degrees of freedom, of the
form:
Fish ¼&þ
X
sðPredictor; 3Þ
where&Q1 is a constant intercept term, Fish (presence/absence) the (dichotomous) response variable, s( . . . ) the
smoothing function of the predictor, and 3 represents the degrees of freedom of the smoothing. Screening of pre-
dictor variables for inclusion in the model was by analysis of deviance, which provides &2-based approximate
partial tests for the importance of the smoothing for each term in the model. The critical value of the partial tests
was deliberately set at&¼ 0.10, a choice dictated by (1) the presence, in some cases, of relatively high probability
values for most, if not all, variables in the species-specific models, and (2) the need to increase the heuristic value
of the model itself. Predictions for the 1996 data were then calculated based on the 1992 data-based resulting
models, and the Wilcoxon rank sum test was used to compare predicted and 1992 model-based fitted values.
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The principal components, canonical correspondence and other univariate analyses were undertaken on
Macintosh using the ADE software package (Chessel and Thioulouse, 1998), GraphMu (Thioulouse, 1990) and
StatViewSEþGraphics# for Mac, respectively. Multiple regression analyses were undertaken with MINITAB 13
for PC, and the GAMs using S-Plus 2000 Professional for PC.
RESULTS
At the 12 study sites extant in 1996 (Figure 1), the overall relative density (numbers per surface area sampled) of
fishes (all ages) decreased from 105.0 ind m2 in 1992 (1902 fishes from 18.11 m2, representing 25 species) to
66.9 ind m2 in 1996 (2399 fishes from 35.87 m2, representing 28 species; Table I). The increase in area sampled
reflects an increase in available water surface area at the 12 sites due to a rise in water level induced by submersible
weirs. Threatened species present in 1992 but absent in 1996 were spined loach Cobitis taenia L., weather loach
Misgurnus fossilis (L.), and bullhead Cottus gobio L. Species observed in 1996 but not in 1992 were burbot Lota
lota (L.), dace Leuciscus leuciscus (L.), three-spined stickleback (L.) and Kessler’s gobie Neogobius kessleri
(Gu¨nther, 1861). In terms of 0þ fishes, the only new species were ruffe Gymnocephalus cernuus (L.) and rudd
Scardinius erythrophthalmus (L.). Differences in size (SL, all ages combined) between 1992 and 1996 were
observed in nine species (Table I), with only two of these (bleak Alburnus alburnus (L.), Eurasian perch Perca
fluviatilis L.) being significantly larger in 1996.Q2Significantly smaller mean SL was found in blue bream Abramis
ballerus (L.), asp Aspius aspius (L.), Prussian carp Carassius auratus (L.) and nase Chondrostoma nasus (L.). In
some of these species, the numbers captured were low, so conclusions are tentative, but the considerable reduction
of nursery areas after 1993 may be a factor in some that dropped in number between 1992 and 1996.
The overall relative density of 0þ fishes (all species combined) did not differ between 1992 and 1996 (Mann–
Whitney, P> 0.10). Individual densities of 0þ bullhead, whitefin gudgeon Gobio albipinnatus Lukasˇ, 1933,
Eurasian perch, bleak, roach Rutilus rutilus (L.) and bitterling Rhodeus amarus (Bloch, 1782) all declined signifi-
cantly (Table II) in the same period. Mean relative density of 0þ fishes dropped slightly in all channel types except
weirs (Figure 2), though not significantly (Student’s paired t-test). Conversely, the number of species of 0þ fish
increased in all channel types except active (lotic) channels, though again the differences were not statistically
significant; this is probably due to the high variance, which is expressed in the residuals from the regression of
richness versus 0þ fish density at the 12 sites in the two years of study, particularly for abandoned channels
and wing-dams.
In terms of environmental character (Figure 3), weirs and wing-dams underwent the most profound changes
(90% ellipses having the least overlap). Weirs became much shorter, since approximately 60% of each weir
emerged out of water due to massive decline in water level. Changes in wing-dams were characterized by increases
in both lentic (silt, clay, macrophytes) and lotic (velocity, gravel, pebbles) components. Flowing and abandoned
channels extant in 1996 changed the least after the start of hydrodam operations (90% ellipses having the greatest
overlap). All channel types had a more lentic character in August 1996 than in 1992, with increased width, a shift
to smaller-sized alluvia (silt, clay) and greater amounts of macrophytes.
The composition of 0þ fish assemblages changed in all four channel types (Figure 4), though abandoned chan-
nels appear to have been least impacted (orientation and girth of 90% ellipses). Only two flowing channels from the
1992 study were extant in 1996, hence the ellipses are represented by a straight line between the two ordination
scores, and these reflect a decline in frequency (Table II), or the disappearance, of some rheophilous species (asp,
barbel Barbus barbus (L.), vimba Vimba vimba (L.), whitefin gudgeon, chub Leuciscus cephalus (L.)) or eurytopic
piscivores (Eurasian perch, northern pike Esox lucius L.) as well as the appearance of a limnophilous species
(rudd). Abandoned channels increased their scope with the arrival or increased frequency of limnophilous (rudd)
and eurytopic (ide Leuciscus idus (L.), common bream Abramis brama (L.), blue bream) species, but also included
the occurrence of barbel, a rheophilous species. Weirs underwent a relatively strong shift in species composition,
with the arrival or increased frequency of Eurasian perch, asp, dace and tubenose goby Proterorhinus marmoratus
(Pallas, 1814) as well as the loss or decline of ide and chub. Similarly, wing-dams saw the appearance or increased
frequency of some rheophilous (dace, vimba, asp) or eurytopic (tubenose goby, three-spined stickleback) species,
and the loss or decline in frequency of the rheophilous bullhead or the eurytopic species such as silver bream Abra-
mis bjoerkna (L.) and piscivorous species (Eurasian perch, pike-perch Stizostedion lucioperca (L.)).
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The two most important microhabitat variables (i.e. longest vectors; ter Braak and Verdonschot, 1995) were the
proportions of macrophytes and gravel, though the latter was the main factor distinguishing habitat use by 0þ
fishes in 1992 and 1996 (Figure 5). Indeed, most species of 0þ fish demonstrated a change in preference away
from elevated proportions of gravel (Figure 5), probably reflecting the reduced availability of large, exposed allu-
via in 1996 (Figure 4). In some species, such as pumpkinseed Lepomis gibbosus (L.) and roach, this shift in pre-
ference away from gravel was the only discernible difference in habitat use (i.e. relative positions in the CCA
ordination (Figure 5) and electivities (Figure 6). In other species, such as silver bream and bleak, the shift also
included the acquisition of a preference, albeit weak, for greater amounts of ligneous debris. Bleak, Eurasian perch
Figure 2. Mean relative densities (natural log (ln) of ind m2), species richness (S), and adjusted species richness (S ln 0þ fish density) of 0þ
fishes in channel types of the Slovak Danube floodplain in August 1992 and August 1996. Also presented are the percentiles of residuals for each
channel type from the regression of S against ln 0þ fish densities for the 12 sites in 1992 and 1996
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Figure 3. Principal components analysis of 12 environmental variables measured at point samples from 12 sites of the Slovak Danube flood-
plain, with 90% ellipses for each channel type in August 1992 and August 1996, and the correlations for variables
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and bitterling also demonstrated weak preferences for macrophytes in 1996—again possibly reflecting the greater
availability of elements characteristic of lentic environments. In 1996, 0þ tubenose goby demonstrated a greater
preference for elevated water velocities, though this may merely reflect the greater frequency of occurrence of this
species in 1996 (Table II) rather than a change in habitat preference per se. The greatest difference in microhabitat
use between the two years was observed in 0þ Prussian carp (Figure 5), which shifted from a weak preference for
clay in 1992 to a moderate preference for high proportions of macrophtyes in 1996 (Figure 6).
Figure 4. Principal components analysis of 0þ fish data (absence/presence) from 12 sites of the Slovak Danube floodplain, with 90% ellipses
(straight lines connect two flowing channels for each year) for each channel type in August 1992 and August 1996, and the correlation vectors
for species of 0þ fish
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The relationship between the species richness (S) and the ln-density of 0þ fishes in 1992 was significant
(S¼ 2.252 ln[density] 1.712; r2¼ 0.483, F¼ 46.727, df¼ 50, P¼ 0.0001), as were the relationships between
S and the number of samples (S¼ 0.17 ln[density] þ3.424; r2¼ 0.22, F¼ 14.136, df¼ 50, P¼ 0.0004), and ln-
density and the frequency of samples containing 0þ fish (ln[density]¼ 5.362[frequency of samples with 0þ fish]
þ2.424; r2¼ 0.483, F¼ 46.727, df¼ 50, P¼ 0.0001). Thus, the 0þ fish species richness in August 1996 could
be predicted from the overall density of 0þ fishes in that August, and overall 0þ fish density in August 1996 could
be predicted from the frequency of samples containing 0þ fishes in that August. However, the fit of expected and
predicted values was better for species richness than for 0þ fish density (Figure 7).
Predictions using models developed by channel type fit less well than those from all data combined (Figure 2),
and thus are not presented. Predictions of abundance of individual species in 1996 from the environmental data
Figure 5. Canonical correspondence analysis of data (log2 transformed) for the most frequently encountered species of 0þ fish at point samples
from 12 sites in the Slovak Danube floodplain (August 1992 and August 1996). Species codes: Aa¼ bleak, Bj¼ silver bream, Ca¼ Prussian
carp, Lg¼ pumpkinseed, Pf¼Eurasian perch, Pm¼ tubenose goby, Rr¼ roach, Rs¼ bitterling. Variables: dist. bank¼ distance from bank,
slo¼ bank slope, lig¼ ligneous debris, peb¼ pebbles
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Figure 6. Microhabitat electivities for the species of 0þ fish at point samples from 12 sites in the Slovak floodplain of the River Danube, 1992
and 1996. The electivities consist of the difference between the frequency of a species in the group of samples having that category of environ-
mental variable and the frequency of that species in all the samples. Values approaching j0:5j indicate preference (þ ) or avoidance ( ). Abbre-
viations: distance¼ distance from bank, veg.¼macrophytes, lign.¼ igneous debris, vel.¼water velocity, dev.C¼ sample deviation from
mean water temperature for that site. See study area, material and methods section for categories
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were not possible as the multiple regression models were not statistically significant. However, fitting of general-
ized additive logistic regressions to the 1992 species-specific data sets resulted in a mosaic of models in which,
depending on the species, the probability of fish occurrence in that year was described by a number of environ-
mental variables (predictors), ranging from one to five (Table III). Except for bleak, species-specific values of
presence/absence predicted for 1996 from the 1992 data set and the values actually observed in 1996 were always
Figure 7. Predicted (from 1992 data; Copp et al., 1994) and observed species richness and relative densities (ind m2) of 0þ fishes in the Slovak
Danube floodplain in 1996. Species richness in 1996 was predicted from species number in 1992 regressed against ln-densities in 1992. Density
in 1996 was predicted from ln-densities in 1992 regressed against the frequency of samples in 1992 containing 0þ fishes. Solid lines represent
x¼ y; dashed lines are the best-fit linear model, with correlation coefficients indicated. Observed and expected values did not differ significantly
(paired Student’s t-test)
Table III. Generalized additive logistic regression models for 0þ fish data (presence/absence) from the Slovak Danube flood-
plain in 1992. The asterisks indicate the environmental variables (predictors) retained in the model. P is the probability for
comparisons between (1992 model-based) predicted and (1996 data-based) fitted values for fish occurrence (Wilcoxon rank
sum test). No model could be fitted to pike-perch because of low sample sizes. Fish codes are as given in Table I
Species Distance Depth Substratum Macrophytes Ligneous Velocity Temperature P
All * * * * * 0.16 NS
Bb * * * * <0.001
Cn * <0.001
As * <0.001
Ll * * * * <0.001
Lc * * * <0.001
Gp * <0.001
Vv * <0.001
Al * * <0.001
Li * <0.001
Pf * * * * * <0.001
Gc * <0.001
Aa * * * 0.46 NS
Rr * * <0.001
Rs * * <0.001
Bj * * * * <0.001
Ab * <0.001
Ca * * <0.001
Pm * * * <0.001
El * * * * <0.001
Lg * <0.001
Se * <0.001
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significantly different, indicating that the 1992 data-based predictions could not be used to model species-specific
occurrences in 1996. However, the overall model (all species combined) for 1992 (including distance, depth, sub-
stratum, macrophytes and velocity) did successfully predict overall fish occurrence in 1996 (Table IV), and was of
the form: Fish¼ Interceptþ s(Distance, 3)þ s(Depth, 3)þ s(Substratum, 3)þ s(Macrophyte, 3)þ s(Velocity, 3).
In this model, depth and distance were the two most influential predictors, indicating that: (1) the majority of fish
would be found in shallow areas, generally close to the bank, their occurrence decreasing sharply along the first
20 m of distance and progressively increasing (Figure 8, top row); (2) that, to some extent (owing to the marginal
contribution of substratum and macrophytes in the model), fish would be confined to finer substrata and areas with
high macrophyte cover (Figure 8, middle row); and (3) that a peak in fish occurrence would be present at relatively
high velocities (Figure 8, bottom row).
DISCUSSION
The initial impact of the Gabcˇı´kovo hydropower scheme on the floodplain’s fisheries was already being felt as this
paper was being prepared (see Balon and Holcˇı´k, 1999), realizing the negative effects predicted prior to the sche-
me’s operation (Balon, 1957; Holcˇı´k et al., 1981; Holcˇı´k, 1991). However, our results may seem equivocal as
neither relative density nor species richness differed significantly for 0þ fish between 1992 and 1996. Local extinc-
tion (in reproductive terms) of rheophilous and limnophilous fishes since 1992 was matched by the arrival of other
(mainly eurytopic and some limnophilous) species. However, the densities of several species of 0þ fishes did
decrease between 1992 and 1996. Declines in density and size have also been observed in separate, long-term
monitoring studies of older fishes in the same study area, though other factors have contributed to this, such as
excessive angling and poaching with electrofishing equipment, various nets and explosives (Cˇerny´, 1999). Simi-
larly, previously lotic habitat for rheophilous species also declined, with weirs and wing-dams becoming more
silted and vegetated (Figure 3). This change in available habitat is reflected in the microhabitat use, with water
velocity and transparency being the main defining variables in 1992 (Figures 5 and 6), whereas macrophytes
and gravel were the main variables in 1996 (Copp et al., 1994).
Weirs were the only channel type to experience increases in both 0þ fish density and species richness, which
corroborates with the assumption that such mesohabitats are important refuges for 0þ fishes in late summer, par-
ticularly for rheophilous species, when river discharge is usually at its lowest (Copp et al., 1994). The apparent
decline in overall density at the majority of sites reflects the dramatic changes that occurred once hydroscheme
operations began: (1) a change in hydrological regime from dynamic to regulated, in particular the virtual elim-
ination of floods during favourable periods of year, i.e. spring or summer when floods used to be intrinsic for func-
tioning of the floodplain ecosystem; (2) the loss of both longitudinal and lateral connectivity, with upstream
migrations virtually impossible and movement through the inland delta restricted—the original network of
Table IV. Analysis of deviance for a generalized additive logistic regression model fitted to 0þ fish data (fish presence/absence;
all species included) from the Slovak Danube floodplain in 1992 (cf. Table III). s(Predictor, 3) indicates a smooth function
(spline with three degrees of freedom) of the predictor. In bold type are significant (&¼ 0.10) &2-based approximate (non-
parametric) partial tests (Npar), highlighting the environmental variables retained in the final model
Term df Npar df Npar&2 P
Intercept 1
s(Distance, 3) 1 2.0 35.41 <0.001
s(Depth, 3) 1 1.9 15.64 <0.001
s(Substratum, 3) 1 2.0 5.75 0.056
s(Macrophyte, 3) 1 2.0 4.59 0.099
s(Ligneous, 3) 1 2.0 2.28 0.317
s(Velocity, 3) 1 2.0 6.80 0.032
s(Temperature, 3) 1 2.0 3.91 0.139
14 J. CˇERNY´ ET AL.
Copyright# 2003 John Wiley & Sons, Ltd. River Res. Applic. 19: 1–18 (2003)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
Un
co
rre
cte
d 
Pr
oo
f
side-arms became a series of isolated subnetworks with the fish metapopulation units virtually isolated from one
another; and (3) a reduction in both number and availability of spawning grounds and nursery areas.
Some of the channels on the Slovak side of the floodplain, which were studied in 1992 (Copp et al., 1994) but no
longer existed in 1996, disappeared as the result of engineering work, but most were lost due to the change in
hydrological regime. The increase in surface area sampled is partially reflective of increases in water level at some
sites due to new weirs, which were constructed to retain water and compensate for the reduced discharge through
Figure 8. Partial fits for a generalized additive logistic regression model of 0þ fish presence/absence (entire, species-combined 1992 dataset) in
the Slovak part of the River Danube, with the environmental variables distance from bank, depth, substratum, macrophytes and velocity
as predictors. The resulting model is: Fish (presence/absence)¼ s(Distance, 3)þ s(Depth, 3)þ s(Substratum, 3)þ s(Macrophyte, 3)þ
s(Velocity, 3). The points plotted are partial residuals for fish occurrences versus the raw data for each environmental variable (predictor)
retained in the model (cf. also Table IV). Smooth functions (cubic splines with three degrees of freedom) of the predictors (notation as in
Table IV) are plotted on a common y-axis scale along with point-wise standard errors and the corresponding rug-plot (raw data points) on
the x-axis. In each plot, changes in probability of fish occurrence are indicated by the shape of the smoothing
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the floodplain that results from water diversion to the hydroelectric turbines. Of the species which are currently
objects of conservation attention (Schiemer and Waidbacher, 1992; Schiemer, 1999), spined loach, weather loach
and bullhead were absent in 1996. This may simply be because all the locations where these species had been
found in 1992 no longer existed in 1996. However, this is not to say that spined loach, weather loach and bullhead
disappeared from the inundation area: bullhead occurred only as 0þ juvenile in 1992 and weather loach is not
likely to be captured as 0þ juvenile by point sampling (Copp, 1989b). Moreover, all these species occur regularly
in our samples taken from other locations (Cˇerny´, 1999). On the other hand, conditions became more favourable to
limnophilous species after the start of the Gabcˇı´kovo hydroscheme operations, as most of the previously lotic side-
arms (eupotamal and/or parapotamal types, sensu Amoros et al. (1987)) became lentic (palaeopotamal type).
Therefore, rheophilous species may have moved to other suitable habitats rather than disappeared. The absence
of bullhead is also due to predation and competition with Neogobius species invading from the lower Danube
(Kautman, 2001).
The appearance of burbot, dace and three-spined stickleback in 1996 reflects the habitat changes between 1992
and 1996, though burbot were rare in any case. The potential habitat of burbot, which prefers deep pools and cob-
bles, may have expanded as a result of the construction of weirs in the side-arm system. The dace, a rare species in
Slovakia (Kova´cˇ, 1994), might have been absent in the 1992 samples due to greater dispersal compared to 1996,
when most of its population was assumed to concentrate just below the new weirs. The th ee-spined stickleback, on
the other hand, is known to exploit, albeit sporadically, new and/or temporary floodplain ecosystems of some large
European rivers (Copp, 1989b, 1992), and it has become a common species in the old main channel of the Danube
(Cˇerny´, 1999). Kessler’s goby is one of a few recent migrants up from the Danube’s delta (Zweimu¨ller et al., 1996;
Kautman, 2001); this upstream range expansion probably results from the gradual increase in mean summer water
temperatures caused by the numerous impoundments on the river in Germany and Austria (Kautman, 2001). The
occurrence of ruffe in 1996, despite its absence in 1992, is not remarkable, as ruffe are rarely captured by random
point sampling in rivers even when known to be present via other sampling methods (R.H.K. Mann, personal com-
munication). Rudd is a typically limnophilous species and was previously neither rare nor abundant in the Slovak
Danube. The absence in 1992 and presence in 1996 of 0þ rudd suggests an increase in reproduction, reflecting the
changes in available habitat, i.e. reduction of lotic and increasing dominance of lentic environments.
The ability to predict 1996 overall fish occurrences from the 1992 GAM of fish-habitat relationships contrasts
with the inability of species-based GAMs to allow reliable predictions. The overall GAM is both a descriptive and
predictive tool, providing a reliable approximation of fish occurrences at the floodplain scale. The occurrence of
0þ fish decreases progressively with increasing distance from the bank, a pattern also observed with 0þ perch in
lakes (Masson et al., 2001). Substratum type and macrophyte cover are important predictors of 0þ fish presence in
our model, corroborating the two main variables in the CCA (Figure 5) as well as patterns reported elsewhere
(Grenouillet et al., 2000, 2001). Nevertheless, the lack of species specificity renders the model of limited value.
The mosaic of responses resulting from fitting similar models to individual species highlights the multitude of
spatio-temporal parameters affecting fish habitat use. These results corroborate the concerns raised by Mathur
et al. (1985) and by experimental work on microhabitat use by 0þ juvenile barbel (L. Vilizzi and G.H. Copp,
unpublished), that fish-habitat assessments based on single samples are representative for that moment in time
only, and that composites of habitat electivities, such as the typological studies presented here, can provide an
approximation for a study area, but at the expense of between-site variation. Theoretically, the inability of all
species-based models to predict 1996 occurrences from the 1992 data set may result from the inadequacy (lack
of accuracy?) of the environmental variables used to evaluate habitat use. However, very similar (if not identical)
variables have been used successfully elsewhere with both multiple regression and neural network models (e.g.
Gozlan et al., 1999). Thus, the lack of predictive ability of the models discussed probably results from
variations/changes in microhabitat use within species in response to the drastic change in ecosystem structure,
function and assemblage composition.
In conclusion, although the species richness and overall densities of 0þ fishes did not change markedly in the
first four years after the start of operations at Gabcˇı´kovo, the densities of some species decreased significantly and
the overall composition of the 0þ fish assemblage changed dramatically, mainly in a shift to eurytopic or limno-
philous species. These changes probably reflect comprehensive alterations in channel character, which may have
been at least partially responsible for the observed differences in habitat use by 0þ fishes in 1996 relative to 1992.
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This variation in late-summer habitat use between years is corroborated by the inability of species-based models to
predict 1996 occurrences from the 1992 data set. Moreover, only 12 of 27 sites sampled in August 1992 were
extant in August 1996. The monitoring of the fish and other biotic components in this floodplain (Cˇerny´, 1995;
Mucha, 1995, 1999) still continues, which will provide us the opportunity to assess and understand better the long-
term impact of the Gabcˇı´kovo hydroscheme.
ACKNOWLEDGEMENTS
We thank the Royal Society (UK) for travel grants to G.C., and the Slovak Academy of Sciences for funding
(grant numbers 333 and 336), as well as the Slovak Scientific Grant Agency (project no. 1/6172/99). We thank
E. Borsova, E. Thomas and J. Lathen for assistance in the field and laboratory, and to V. Ginot for some statistical
advice.
REFERENCES
Amoros C, Roux AL, Reygrobellet J-L, Bravard J-P, Pautou G. 1987. A method for applied ecological studies of fluvial hydrosystems.
Regulated Rivers 1: 17–36.
Balon EK. 1967. Evolution of the Danube ichthyofauna, its recent state and an attempt to predict further changes after the construction of the
planned hydro-electric power stations and diversion schemes. Biologicke´ pra´ce 13: 1–121 (in Slovak).
Balon EK, Holcˇı´k J. 1999. Gabcˇı´kovo river barrage system: the ecological disaster and economic calamity for the inland delta of the middle
Danube. Environmental Biology of FishQ3 54: 1–17.
Bethemont J, Bravard JP. 1986. Gabcˇı´kovo: un grand project et une controverse. Revue Ge´ographique Lyon 1986: 19–41.
Boucher K. 1990. Landscape and technology of the Gabcˇı´kovo-Nagymaros scheme. In Water, Engineering and Landscape, Cosgrove D, Petts G
(eds). Belhaven Press: London; 174–187.
Cˇerny´ J. 1995. Monitoring of ichtyocoenoses in the Slovak stretch of the Danube and in its side arms. In Gabcˇı´kovo–Nagymaros Hydropower
Project. Gabcˇı´kovo Part of the Hydroelectric Power Project–Environmental Impact Review, Mucha I (ed.). Faculty of Natural Sciences,
Comenius University: Bratislava; 203–210.
Cˇerny´ J. 1999. Monitoring of ichtyocoenoses in the Slovak stretch of the Danube and in its side arms. In Gabcˇı´kovo, Part of the Hydro-
electric Power Project–Environmental Impact Review, Mucha I (ed.). Faculty of Natural Sciences, Comenius University: Bratislava; 201–
216.
Cˇerny´ J, Kvaszova´ B. 1999. Impact of the Gabcˇı´kovo barrage system on individual fish species. In Gabcˇı´kovo, Part of the Hydroelectric Power
Project–Environmental Impact Review, Mucha I (ed.). Faculty of Natural Sciences, Comenius University: Bratislava; 217–226.
Chessel D, Thioulouse J. 1998. ADE VersionQ4 4.0: HyperCard# Stacks and MicroSoft QuickBasic# Programme library for the analysis of
environmental data. Universite´ Lyon I: Villeurbanne (http://biomserv.univ-lyonl.fr/ADE-4.html)
Chessel D, Lebreton JD, Yoccoz N. 1987. Proprie´te´s de l’analyse canonique des correspondences. Une utilisation en hydrobiologie. Rev. Stat.
Appliqu.Q5 35: 55–72.
Connor EF, McCoy ED. 1979. The statistics and biology of the species-area relationship. American Naturalist 113: 791–833.
Copp GH. 1989a. Electrofishing for fish larvae and 0þ juveniles: equipment modifications for increased efficiency with short fishes. Aquacul-
ture and Fisheries Management 20: 177–186.
Copp GH. 1989b. The habitat diversity and fish reproductive function of floodplain ecosystems. Environmental Biology of Fish 26: 1–26.
Copp GH. 1992. An empirical model for predicting microhabitat of 0þ juvenile fishes in a lowland river catchment. Oecologia 91: 338–345.
Copp GH, Penˇa´z M. 1988. Ecology of fish spawning and nursery zones in the flood plain, using a new sampling approach. Hydrobiologia 169:
209–224.
Copp GH, Guti G, Rovny´ B, Cˇerny´ J. 1994. Hierarchical analysis of habitat use by 0þ juvenile fish in the Hungarian/Slovak flood plain of the
River Danube. Environmental Biology of Fish 40: 329–348.
Cuinat R. 1967. Contribution to the study of physical parameters in electrical fishing in rivers with direct current. In Fishing with Electricity, its
Application to Biology and Management, Vibert R (ed.). FAO, Fishing News (Books): Surrey; 131–173.
Gozlan R, Mastrorillo S, Dauba F, Tourenq JN, Copp GH. 1998. Multi-scale analysis of habitat use by 0þ fishes during late summer in the River
Garonne (France). Aquatic Science 59: 1–19.
Gozlan R, Mastrorillo S, Copp GH, Lek S. 1999. Predicting the structure and diversity of young-of-the-year fish assemblages in large rivers.
Freshwater Biology 41: 809–820.
Green RH. 1971. A multivariate statistical approach to the Hutchinsonian Niche: Bivalve molluscs of central Canada. Ecology 52: 543–556.
Grenouillet G, Pont D, Olivier J-M. 2000. Habitat occupancy patterns of juvenile fishes in a large lowland river: interactions with macrophytes.
Archiv fu¨r Hydrobiologie 149: 307–326.
Grenouillet G, Pont D, Olivier J-M. 2001. Linking zooplankton and juvenile fish assemblages in a large lowland river: influence of submerged
macrophytes. Archiv fu¨r Hydrobiologie 151: 383–404.
Hastie TJ, Tibshirani RJ. 1990. Generalized Additive Models. Chapman & Hall: London.
Q3
Q4
Q5
0þ FISH ASSEMBLAGES 17
Copyright# 2003 John Wiley & Sons, Ltd. River Res. Applic. 19: 1–18 (2003)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
Un
co
rre
cte
d 
Pr
oo
f
Holcˇı´k J. 1991. Fish communities in the Slovakian section of the Danube River in relation to construction of the Gabcˇı´kovo River barrage
system. In Biological Monitoring of Large Rivers, Penˇa´z M (ed.). Institute for Systematic and Ecological Biology, Czech Academy of
Sciences:Q2 Brno; 86–89.
Holcˇı´k J, Bastl I. 1976. Ecological effects of water level fluctuation upon the fish populations in the Danube River floodplain in Czechoslovakia.
Acta Sci. Nat. BrnoQ5 10: 1–46.
Holcˇı´k J, Bastl I, Ertl M, Vranovsky´ M. 1981. Hydrobiology and ichthyology of the Czechoslovak Danube in relation to predicted changes after
the construction of the Gabcˇı´kovo–Nagymaros River Barrage System. Pra´ce Lab. Ryb. Hydrobiol.Q4 3: 19–158.
Kautman J. 2001. The first occurrence of Neogobius gymnotrachelus in the Slovak Danube. Folic Zoologica 50: 79–80.
Kinsolving AD, Bain MB. 1990. A new approach for measuring cover in fish habitat studies. Journal of Freshwater Ecology 5: 373–378.
Koblickaya AP. 1981. Key for Identifying Young Freshwater Fish. Food Industry Publishing House: Moscow (in Russian).
Kova´cˇ V. 1994. Updated Red List of Slovak fish and cyclostomes. Zbornı´k Ochrana biodiverzity na Slovensku.Q6 Bratislava; 153–158.
(in Slovak).
Masson S, Angeli N, Guillard J, Pinel-Alloul B. 2001. Diel vertical and horizontal distribution of crustacean zooplankton and young of the year
fish in a sub-alpine lake: an approach based on high frequency sampling. Journal of Plankton Research 23: 1041–1060.
Mathur D, Bason WH, Purdy EJ Jr, Silve CA. 1985. A critique of the Instream, Flow Incremental Methodology. Canadian Journal of Fisheries
and Aquatic Science 42: 825–831.
Mucha I (ed.). 1995. Gabcˇı´kovo–Nagymaros Hydropower Project. Gabcˇı´kovo Part of the Hydroelectric Power Project–Environmental Impact
Review. Faculty of Natural Sciences, Comenius University: Bratislava.
Mucha I (ed.). 1999. Gabcˇı´kovo, Part of the Hydroelectric Power Project–Environmental Impact Review. Faculty of Natural Sciences, Comenius
University: Bratislava.
Persat H, Copp GH. 1989. Electrofishing and point abundance sampling for the ichthyology of large rivers. In Developments in Elecrofishing,
Cowx I (ed.). Fishing News Books, Blackwell Scientific Publishing: Oxford; 203–215.
Schiemer F. 1999. Conservation of biodiversity in floodplain rivers. Large Rivers, Vol. 11(3). Archiv fu¨r Hydrobiologie 115(Suppl. 3):
423–438.
Schiemer F, Waidbacher H. 1992. Strategies for conservation of the Danubian fish fauna. In River Conservation and Management, Boon PJ,
Calow P, Petts GE (eds). John Wiley & Sons: Chichester; 364–384.
ter Braak CJF. 1986. Canonical Correspondence Analysis: a new eigenvector technique for multivariate direct gradient analysis. Ecology 67:
1167–1179.
ter Braak CJF, Verdonschot PFM. 1995. Canonical correspondence analysis and related multivariate methods in aquatic ecology. Aquatic
Science 57: 1015–1621.
Thioulouse J. 1990. MacMul and GraphMu: Two Macintosh programmes for the display and analysis of multivariate data. Computers and
Geoscience 8: 1235–1240.
Zweimu¨ller I, Moidl S, Nimmervoll H. 1996. A new species for the Austrian Danube—Neogobius kessleri. Acta Univ. Carolinai (Biol.)Q5
40(1–2): 213–218.
Q2
Q5
Q4
Q6
Q5
18 J. CˇERNY´ ET AL.
Copyright# 2003 John Wiley & Sons, Ltd. River Res. Applic. 19: 1–18 (2003)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
Un
co
rre
cte
d 
Pr
oo
f
Author Query Form (RRA/716)
Special Instructions: Author please write responses to queries directly on Galley proofs
and then fax back. Alternatively please list responses in an e-mail.
Q1: Author: What symbol should that be?
Q2: Author: OK?
Q3: Author: Please check all journal titles are OK?
Q4: Author: Names this style, throughout?
Q5: Author: Journal title in full?
Q6: Author: Publisher?
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
